During the growth of the yeastlike fungus Pullularia pullulans on glucose as sole carbon source, the cell-mass does not increase concomitantly with the elaboration of the extracellular polysaccharide pullulan, but precedes it. The conditions generated in the culture medium which activate the secretion of polysaccharide have been sought for, and, in particular, the roles of extracellular pH and nitrogen limitatation are examined.
into the utilization of carbon sources by P. pullulans and the ability of the organism to elaborate extracellular polysaccharides therefrom, it was observed that pullulan did not appear concomitantly with increase of cell mass but began at some point in the middle phase of growth. It is the purpose of this communication to describe two parameters of culture medium that might control pullulan elaboration.
MATERIALS AND METHODS
Quartermaster strain no. 3092 of P. pullulans was maintained at 4 C on agar slopes containing the nutrients described below and 2.5% sucrose as sole carbon source. The medium used is that of Ueda et al. (10) , i.e., 2.5% glucose (140 mM), 0.5%0 K2HPO4 (29 mM), 0.1% NaCl (17 mM), 0.02% MgS04-7H20 (0.8 mM), 0.06% (NH4)2SO4 (4.5 mM), and 0.04% yeast extract (Difco) .
For the study of glucose uptake, cells grown in a medium initially containing 2.5% glucose as sole carbon source were harvested and thoroughly washed with sterile water, and portions were resuspended in sterile medium containing 0.25% glucose (14 mM), 0.008 ,uCi of uniformly labeled 14C-glucose (New England Nuclear Corp.) per ml, and salts at the concentration of the shake culture, but no yeast extract.
HC1 (1 N) was added to uptake media where a more acid pH was required, and an equivalent amount of 1 M KCl was added to the neutral media. Media were agitated on a gyratory shaker at 200 rev/min at 25 to 27 C. Samples were centrifuged, and portions of the supernatant fluid were spotted on 1-cm squares of filter paper, extracted with 66% aqueous ethanol, dried, and counted by standard procedures of liquid scintillation spectrometry. This provided a measure of labeled extracellular polymer content (9) . Cell weights were obtained by collecting and washing the pellet on tared 0.8-,um membrane filters (Millipore Corp., Bedford, Mass.). Counting these papers by scintillation spectrometry indicated the extent of 14C incorpotion into the cell. The pullulan content of extracellular polymer was determined by the addition of unlabeled pullulan to supernatant fluid samples, followed by ethanol to a final concentration of 66%. The washed precipitate was digested with pullulanase, an enzyme specific for the hydrolysis of ce-1,6-glucosidic bonds (3, 1) , and the products were separated by descending paper chromatography irrigated with ethyl acetatepyridine-water (10:4:3, v/v). The developed chromatogram was cut into strips which were immersed in scintillation fluid and counted. The action of pullulanase on pullulan is to effect complete depolymerization to maltotriose (3) and minor traces of tetrasaccharides (6) . The ratio of counts migrating with tri-and tetrasaccharides to those at the origin provides a measure of pullulan content of polymer.
Glucose was measured by the glucose oxidase reagent (7), and extracellular polysaccharide estimations ( Fig. 1) were determined by an alcohol precipiation technique described elsewhere (5) .
RESULTS AND DISCUSSION
The appearance of extracellular pullulan is not concomitant with the increase in cell mass of growing P. pullulans cultures (Fig. 1 4) . It is the effect of extracellular pH and nitrogen limitation on pullulan production which is examined in this communication.
Medium, inoculated with 1% , of its volume by a 48-hr-old culture, was harvested in the middle phase of its growth ( Fig. 1, point B) , and the ability of the cells to consume glucose and elaborate extracellular polymer was examined in two regions of pH (Fig. 2) , corresponding to acidity conditions prior to and during the production of pullulan (Fig. 1) . Analyses of these experiments together with the pullulan content of extracellular polysaccharide are described in Table 1 . The consumption rate of glucose for cultures at this phase of growth (calculated from the data in Fig. 1 The elaboration rate of other extracellular polysaccharide material appears to be independent of pH in the ranges examined. This other product may be separated from pullulan by depolymerization of the latter to tri-and tetrasaccharides with pullulanase (6) and separation of the undegraded polymer from these oligosaccharides by gel frac- but completely abolishes extracellular polymer elaboration. The rationale for these observations and the increased uptake of glucose at acid pH is being examined in terms of transport phenomena.
In an attempt to delay the increase in acidity of a growing culture, the initial phosphate concentration was increased from 29 to 116 mm. An adequate rate of growth with a final density of 2.4 mg (dry cell weight) /ml was observed. However, the extracellular pH did not drop below 7.4, and only 18% of the extracellular polymer observed in Fig. 1 was elaborated. Analysis of cells grown under these conditions and harvested in the middle phase of growth revealed a full capacity for the production of pullulan at an acid pH. Thus, although the potential for pullulan production is generated during growth, a high extracellular pH prevents its expression.
Cells growing in the initial stages of culture (Fig. 1, point A) were harvested and their ability to assimilate glucose was examined. The results (Fig. 3 and Table 1 ) indicate a different utilization pattern of the carbon source from that observed in the middle phase of culture. Little or no polysaccharide was elaborated at either pH 7.3 to 7.0 or 5.8 to 3.5, and the growth rate, judged by the rate of 14C incorporation into the cells, was some 4.5 times faster. It is apparent, then, that although extracellular pH plays a role in the expression of pullulan elaboration when the culture is in the later stages of growth, it has no effect when it is in the earlier.
A culture parameter that may stimulate or retard pullulan elaboration is the availability of a (Fig. 4) Though diThcult to quantitate, the change appears to coincide with the onset of pullulan production and can be similarly inhibited or stimulated by levels of ammonium ion. It would thus appear that P. plillulans exhibits a form of nutritional dimorphism (8) . Microscopic examination of both of these cell forms in India ink reveals that a minor portion of both forms is capsulated, an observation made by Bender et al. (2) , but whether this capsule is related to pullulan is not known.
